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We consider a brane world residing in the interior region inside the horizon of 
extreme black branes. In this picture, the size of the horizon can be interpreted as 
the compactification size. The large mass hierarchy is simply translated into the 
large horizon size, which is provided by the magnitude of charges carried by the 
black branes. Hence, the macroscopic compactification size is a quantity calculable 
from the microscopic theory which has only one physical scale, and its stabilization 
is guaranteed from the charge conservation. 

In this talk, we will pay attention to the interior region bounded by a 
degenerated horizon of extreme black branes. The inteijior region possesses 
all of the features neededJor large extra dimension (ADD)ld as well as Randall- 
Sundrum (RS) scenarios provided that the interior region is regular. Since 
the interior region has finite volume while it asymptotes to the infinitely long 
AdS throat, the central region inside the near horizon region acts like a domain 
wall embedded in anti-de Sitter space [AdS^) like the RS brane. The massless 
4D graviton is clearly localized to the central region, reproducing the correct 
4D Newtonian gravity. 

The size of the horizon can be interpreted as the compactification size in 
that the four-dimensional Planck scale Mpi is determined by the fundamental 
scale M* of the higher-dimensional theory and the size of the horizon rn via 
the familiar relation Af^j ~ M^+'^r^ and the effective gravity on a 3-brane 
residing in the central region has a transition from the four-dimensional to the 
higher-dimensional gravity around distances of the size of the horizon. This 
scenario gives a natural explanation of the large mass hierarchy between the 
four-dimensional Planck scale Mpi and the weak scale rriEW- The large mass 
hierarchy is translated into the large size of the horizon. The large size of 
the horizon, i.e., the small compactification scale is provided with the large 
magnitude of charge carried by the black branes, that is, winding number or 
R-R charge. Hence, the macroscopic compactification size now is a quantity 
calculated from the microscopic theory and its stabilization is guaranteed from 
the charge conservation. 

We will consider two types of black brane solutions. Firstly, we will show 
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a global black brane solutiorJUa which is a black hole like defect solution to 
a scalar theory with global 0{d) symmetry coupled to higher dimensional 
gravity and is a p-dimensional extended object surrounded by a degenerated 
horizon. This solution is perfectly regular everywhere. Secondly, we will con- 
sider the supergravity solution of the D3-brane. Its interior region interpolates 
between the singularity and the near horizon region. When the singularity 
is smoothed out by stringy effects, the graviton is localized in the central re- 
gion. Further, even in the existence the gravity could be trapped, under the 
assumption of the unitary boundary condition for the graviton statesll2l. 

The scalar theory with global 0(d) symmetry coupled to Z3-dimensional 
gravity, of which potential has minimum on the (d — l)-sphcre with radius 
allows a black hole like extended defect solution, which we will call as 'global 
black p-brane'. The global black p-brane is a p-dimensional extended object 
surrounded by a degenerated horizon. This object is very similar to the black 
p-brane solutions of supergravity and string theories. However, this solution 
is perfectly regular everywhere, that is, cither inside or outside of the horizon. 

Here, we will not write down the Einstein's equations of motion and the 
scalar field equation of motion, and we will skip the procedure to find the 
global black brane solution. These are treated in detail in Refs.[8,9]. We will 
begin just with a brief description for the spacetime of the global black brane. 
We introduce the following Schwartzschild-type metric ansatz; 

ds^ = e^''^-'^B{r)g^,{x)dx^'dx^ ^'^^Li' (1) 

where g^u{x) is a general Ricci-flat metric on the brane, which satisfies (p-l-l)D 
Einstein equations R^u{g) = 0. We have looked into the behavior of solutions 
at a few regions because it seems almost impossible to find exact analytic so- 
lutions. Outside the core, the behavior of metric functions is controlled by the 
ratio between the scalar field energy density {SttGd /r'^) and the cosmological 
constant (|A|). In the far region where the cosmological constant dominates 
over the field energy density. The metric (P has the form of 

ds^ w B^r^ g^,,{x)dx^'dx'' + ^ + ^^'^^^d-i, (2) 

where i?oo = 2|A|/(p-|- d — 1). This corresponds to Z3-dimensional anti- 
de Sitter space {AdSjj) and can be changed to the form found in Refs.[3,4] 
using the proper radial distance x{= dr' / B{r')) as 

ds^ K. e^v^x g^^(x)dxi'dx'' + dx^ + e^^^x dnl_^. (3) 
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The horizon occurs in a region where the field energy density and the cosmo- 
logical constant are comparable, and the spacetime is approximated by 

ds^ « EnHr - r^f)]2(i-")5^,(a;)da;^dx'^ + — — — + rjjdnl_„ (4) 

where (t is — 1 for the interior region (r < rn) and +1 for the exterior region 
(r > th) and the curvature scale of this spacetime and the horizon size are 
given by 



r 



2 _ {p + d-l){8TrGD-d + 2) 



H 



2|A| 



(6) 



It is easy to see relation between the near horizon solution and the cigar-like 
warped spacetime obtained in Refs.[3,4]. Introducing a new radial coordinate 
x(> 0) defined by exp(— fcx) = ^Bh [(j{r — the metric Eq.(^ is 

rewritten as 

ds^ « exp (-2fcx) g^i,{x)dx>'dx'' + dx^ + r'jjdnl_^. (7) 

Hence, among solutions obtained in Refs.[3,4], the meaningful solution with 
respect to the Randall-Sundrum scenario can naturally be interpreted as the 
near horizon geometry of a black p-brane. The two solutions (|^) and 
which seemed to be disjointed in Refs.[3,4], can be matched to each other. On 
the other hand, in the region between the brane core and the near horizon 
where the cosmological constant is negligible compared to the field energy 
density (if A ^ Af*, this region overwhelm the near horizon region), the 
shape of spacetime is largely dependent on dimension of transverse space. 
When d =^ 2, the geometry of this region will resemble the Cohen-Kaplan 
spacetimetl. WheiLjd > 3, the solution in this region will be close to the global 
monopole metric □. While we have not cleared up whether the solutions 
obtained in separated regions can be connected mutually or not, numerical 
works explicitly show that such black brane solutions exist. 

The interior region is of interest, because it possesses all of the features 
needed for RS scenario, that is, it asymptotes to AdS space and its volume is 
finite and concentrated near the brane. 

In the RS scenario, the necessary condition to have the usual Newtonian 
gravity on the brane is the existence of a massless 4D graviton localized on 
the brane. From now on, we will consider only p = 3. The existence of 
the massless graviton state is evident because Einstein's equations of motion 
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always allows solutions with a general Ricci flat metric gfj.i, {x) and the massless 
4D graviton is simply the usual gravitational wave solution of linearized 4D 
vacuum Einstein equation. And the boundness of the massless graviton is 
equivalent to the condition that the 4D Planck scale Mpi is finite. Examination 
of the 4D effective action yields the brane world Planck scale: 



M^i = M^+' J dz^^ ~ Mr . (8) 

Thus, it is now clear that a massless state of the 4D graviton is bounded. 
The relation (||) tells that the 4D Planck scale is determined from the funda- 
mental scale and the horizon size rn via the familiar relation from usual 
Kaluza-Klein theories. This implies that the horizon size rn can be inter- 
preted as the effective size of d compact extra dimensions, even though the 
interior region infinitely extends. From the point of view of one who lives in 
infinitely extended higher dimensional spacetime, this seems indeed a correct 
interpretation, clearly the interior region takes only a finite part with volume 
~ rfj of the infinite transverse space and the apparent infinite extent of the 
interior region is simply a result of the warping of the finite region of extra 
space by the gravity of the brane itself. This interpretation could be cleared 
up through a complete analysis of the effective 4D gravity. 

In order to see the effective gravity on the brane, we introduce the pertur- 
bations by replacing gfj_y{x) with 77^^ + hfj_y{x, z) in Eq.(|l|). Imposing the RS 
gauge on h^j^n , we can easily find the linearized field equation for /i^^ . Making 
a change of variables S, = \/—g^'^ir')grrir') dr' , h^.^, = K h^i, and separat- 
ing ri) = e^^e^P '^ Rmt{£,)Yi{^) ^ the linearized field equation can always be 
written into the form of an analog non-relativistic Schrodinger equation: 



RmliO = m^RmdO, (9) 



With V.ff{0^^+i{i + d^2f-^, (10) 

where K = t'^'^^^-'^^Soq^ and Yi{Q) is a d-dimensional spherical harmonics. 
Here e^^ is a constant polarization tensor and m (— ■ p) is the mass of 
continuum modes. The zero-mode wave function, with m = ^ = 0, is easily 
identified as Rqo{^) = K{^). All of the important physics follows from a 
qualitative analysis of the effective potential. 

The Newtonian potential generated by a point source of mass m* localized 
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on the brane then is 



„,* f p-m\x\ 

is contribution from more than one extra dimensions for measures of rel- 
evant density of states. If the extra dimensions are noncompactified, then 
6 = d — 1, simply. The factor of m'^~^ is just the d-dimensional plane wave 
continuum density of states (up to a constant angular factor). In our case, 
d — 1 extra dimensions are compactified to S'^"^ with radius rn ■ The modes 
with small € behave as plane waves only in the radial direction, while the 
modes with large H do in the full extra dimensions. Thus, 5 will depend on 
that is, (5 = for modes with small t but 5 = d — 1 for sufhciently large 

In the original warped bulk model of Randall-Sundrum type scenario, the 
bulk cosmological constant A had always been identified with the fundamental 
scale for naive naturalness reasons. However, given our ignorance regarding 
the cosmological constant problem, we do not feel any strong prejudice forcing 
A to be of the order of the fundamental scale M"^. We will simply treat A as 
a parameter; we know only that rn must be smaller than ~ 1mm from the 
present-day gravity measurements if it should be interpreted as a compactifi- 
cation size. We will consider two limiting values of A; |A| ^ M^i and 

|A| - lO^-^^/'^GeV^ < A/2 ^ rn|^y. We will call the first hmit as Randall- 
Sundrum (RS) limit and the second limit as large extra dimension (ADD) 
limit. 

In the RS limit, the interior region is well approximated by the near hori- 
zon geometry Eq.(0) because both the core radius Tc ~ {\^v)~^^-^ and the 
horizon size rn are of the order of the fundamental scale and so STrGu/r^ and 
|A| are comparable in whole interior region. In this regime, since both curva- 
ture scales of AdSs and S"^^^ are of the order of the fundamental scale, the 
extra space effectively reduces to one-dimensional space because one who lives 
in the bulk could not observe the extra S"*"^ through low-energy processes 
under the fundamental scale. Then the 3-brane looks like a one-sided RS- 
brane embedded in a AdS^ bulk spacetime. Hence the physics on the brane 
will be nearly the same with that of RS scenario. A difference arises due to 
massive KK modes with £ ^ living in the AdSs. However, this correction 
is strongly suppressed due to the repulsive centrifugal potential. Thus, the 
low-energy physics on the brane are imperceptibly different from those in the 
RS scenario. 

In the ADD limit, the phenomenologically acceptable size of the hori- 
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zon (cosmological constant) is th lO^^/'^-i'^cni (|A| - 10^-^°/''GeV^) with 
~ Mew ~ lO^GeV and Mpi - IQi^GeV. Then the AdS region takes 
extremely tiny portion of the transverse space and the intermediate region, 
in which STrG^j/r^ ^ I^L between the core and the AdS region occupy most 
volume of transverse space. 

The geometry of the. intermediate region can be approximated by that of 
ohen-Kaplan solution □ when d — 2 and those of global monopole spacetime 
when d > 3. It is easy to explicitly calculate the potential Eq.(|Io|) using 
the Cohen-Kaplan and the global monopole metric. The explicit calculations 
show that, when d = 2, 3, the potential is attractive or zero in the intermediate 
region. However, it is not needed to specify details of the the shape of the 
central region of the potential, because the potential is not repulsive in the 
intermediate region and the central region is localized within the the AdS 
length scale k~^. Then the leading corrections to the long-range gravitational 
potential are in fact identical to those in the RS limit, as shown in Ref. [7]. 
The short distance gravity is dominated by continuum modes with m > k 
and i 1 and (4 -I- d,)D gravity appears at distances \x\ <C th- Hence, in 
this regime, the brane world gravity behaves like that of RS limit except that 
it experience a transition from ^ to ^ l/\x\'^'^^ around the distances of 
the size of the horizon, which is now much bigger than the weak scale, i.e., 
Th ^ ruEw- Hence, the behavior of the gravity on the brane is exactly what 
we would expect by interpreting the size of the horizon as a "compactification 
radius" . 

When d > 4, the physics will be quite different from that of when d = 2, 3 
due to the repulsive potential in the intermediate region. Since the hight 
of the potential is Ve//(~ rc) ^ ^ew^ continuum modes with mass 
TO ^ Mew have suppressed wave functions near the core and so, for dis- 
tances \x\ '3> Mj^^, the gravity behaves as in RS limit and is nearly four- 
dimensional. On the other hand, for distances |af| mEw, the gravity is 
D-dimensional. This regime is phenomenologically interesting because the 
physics on the brane seems very distinct from both the RS and the ADD 
scenarios, in that the gravity is maintained to be four-dimensional down to 
distances of m^]y, despite introducing the large extra dimensions to obtain 
the 4D Planck scale. Furthermore, there are no light moduli fields associated 
with the large size of S'^^^ because they are strongly suppressed near the 
3-brane. 

In the ADD limit, we have obtained not only the phenomenology of the- 
ories with large extra dimensions for d = 2, 3 but also somewhat distinct one 
for d > 4. In both cases, the hierarchy problem could be resolved via the large 
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horizon size rn in the sense of the conventional large extra dimension scenar- 
ios. However, there still remains a hierarchy between Mew a-nd |A|, because 
such large size of the horizon is provided by only the tiny bulk cosmological 
constant. This hierarchy could be stable in the sense that small changes of |A| 
have small effects to the physics on the brane as expected in ADD scenarios. 
An unpleasant point is the fact that |A| is a Lagrangian parameter that is 
not free from the radiative correction due to various bulk fields and needs to 
be stabilized by a symmetry, such as supersymmetry. In absence of a clear 
stabilization mechanism, it however seems natural |A| to be of the order of the 
fundamental scale. From this aspect, the Randall-Sundrum limit only seems 
to be natural. 

At this point, an immediate question is whether the such large size of the 
horizon (or equivalently the small compactification scale) can be calculated in 
the theory that has only one physical scale of the order of the weak scale. The 
answer seems to be positive. Usually the size of the horizon of an extreme 
black brane is determined by the magnitude of charge (equivalently mass) 
carried by the black brane. It does not seem uncommon to have solutions 
with huge magnitude of charge; the world around us abounds with solutions 
that has much larger charge than the electron's. 

Up to now, we have considered only brane solutions with unit winding 
number. This was because the conditions of spherical symmetry and reg- 
ularity at the origin allows only solutions with unit winding number when 
d > 3. While cylindrically symmetric solutions with arbitrarily large winding 
number n are allowed when d = 2. The solutions with winding number n 
can easily be obtained simply replacing SttGd with STrGnn^ in the solution 
with unit winding number for d = 2. Then the radius of the horizon is given 
from Eq.(||) in terms of unrescaled parameters by rj^ = Idnv'^n'^ / Mf\A\. We 
assume all scales to be in the same order with the fundamental scale, that 
is, intrinsically there exist only one physical scale. Then the horizon size is 
given by rjj ~ n simply. Putting ^ "^ew ^ lO'^GeV and demanding 
that ru and n are chosen to reproduce the observed four-dimensional Planck 
scale Mpi ~ lO^^GeV yields n ^ 10^^. Hence, the global black brane solution 
with large winding number of n ~ 10^^ seems to provide a dynamical de- 
termination of the hierarchy between the four-dimensional Planck scale and 
the weak scale without requiring any additional small scale from the theory 
that has intrinsically only one physical scale. Furthermore, the such large 
compactification size is now stabilized via the charge conservation law. 

The interior region of the D3-brane interpolates between the singularity 
and the AdS throat. The similar analysis of the graviton states to that for 
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the global black brane shows that even in the existence of the singularity the 
massless graviton can be localized in ttuji. central region of the interior region 
under the unitary boundary conditioncrEl. However, since we do not have a 
detailed understanding of the singularity, we will not be able to make any 
rigorous claim whether such boundary conditions are what we want. Thus, 
we will only assume that the singularity is smoothed out by the true short- 
distance theory of gravity, namely, string theory. Essentially the source for the 
R-R field strength is sitting at the singularity. Since the only known source 
for R-R 5-form field strength is D3-brane, we are naturally expected to see a 
stack of D3-branes when we probe the singularity with energy over the string 
scale. 

The analog Schrodinger potential resembles with that for the global black 
brane with d — 2. And so the gravity on a 3-brane residing in the central 
region behaves like what we would expect by interpreting the horizon size rn 
as a compactification radius. Since the effective Planck scale is determined 
via the relation Af^^ = r|^/(247r^(7^Z^) and the size of the horizon is given 
by — Anl'^gsN, the hierarchy between the string scale l^^ and the four- 
dimensional Planck scale Mpi can be provided with the R-R charge of the 



amount of = y2TT^^^l^gl Al^ij . If we naively assume that the string 

scale is of the order of the weak scale, i.e., Is ~ mEWy then the amount of the 
R-R charge needed to generate the hierarchy is iV ^ 10^^ and the size of the 
horizon is ~ 10~^^cm. 

Perhaps the deepest consequence of the above picture is that it gives 
a natural explanation of the large mass hierarchy and gives a good reason 
of why string theory would necessarily choose such type of compactification 
geometry. The large mass hierarchy is translated into the large size of the 
horizon. The large size of the horizon, i.e., the large compactification size 
can be calculated in string theory that has only one physical scale 1^ and is 
determined by the amount of the R-R charge N carried by the D3-brane. 
Furthermore, the stabilization of such large compactification size is strictly 
supported by the conserved D3-brane charges. 

We don't need to compactify whole spacetime introducing the compacti- 
fication manifold. The geometry needed for the Randall-Sundrum type brane 
world can be obtained simply from the noncompact ten-dimensional spacetime 
by means of formation of a large cluster of D3-branes. 

Let us conclude with some discussions. The above picture may provide 
new perspectives on problems associated to the brane world scenarios. Both 
non-Ricci flat metric gfj,u{x) and metric dependent on the extra dimensional 
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coordinates i.e., g^v(x,z) ~ 7]^^, + h^i,{x,z), correspond to excitations 
upon the extremal black brane background, which is the ground state of the 
black p-brane. That is, in the existence of such excitations the black brane 
becomes now non-extremal and its Hawking temperature is not zero. Thus, 
such excitations will be diluted through Hawking radiation. First, the contin- 
uum modes are one of such excitationS|_The analysis on the singular behavior 
of the continuum modes at the horizonllil should be reexamined because it has 
done on the rigid AdS background, while in the existence of such excitation 
we lose the AdS background. Second, the Poincare invariance in the longi- 
tudinal direction will persist even in the presence of the quantum corrections 
to the brane tension because the quantum corrections also will be diluted, 
so that no 4D cosmological constant generated. Third, this picture provides 
a new physical mechanism that can solve the cosmological flatness problem. 
Even though our world brane was highly bent initially, the bending should 
have been diluted as the black brane Hawking radiates and evolves toward 
the extremal one. Since the entropy density of our universe is minutely small, 
our world brane seems to be embedded in the interior regiipn of very near- 
extremal black brane. Finally, the another flatness problemllj associated with 
the approximate Lorentz invariance in the longitudinal direction also can be 
resolved because the bulk curvature will be diluted via Hawking process. 



We wish to acknowledge discussions with H.M. Lee, J.D. Park and S. Yi. 
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